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502 The Journal of Thoracic and Cardbjective: In the Nuss procedure, in which the deformed thorax is forcibly corrected
y insertion of correction bars, considerable stresses occur on the patient’s thorax.
e performed the present study to elucidate how stress patterns on the thorax after
his procedure differ between child and adult patients.
ethods: Eighteen patients with pectus excavatum, constituting a child group (n 
0) and an adult group (n  8), were included in the study. After a 3-dimensional
omputer-assisted design model was produced with computed tomographic data
rom each patient, simulation of the Nuss procedure was performed on the model.
hen the stresses occurring on each thorax were calculated using the finite element
ethod. The stresses were compared between the child and adult groups in terms of
ntensity on each rib and the distribution patterns over the whole thorax.
esults: With all 12 ribs, significantly greater stress occurred in the adult group than
tress in the child group. Although the stresses occurring on the thorax demonstrated
oncentrated patterns in the child group, widely distributed patterns were observed
n the adult group.
onclusions: The stresses that occur on the thorax after the Nuss procedure take
ifferent patterns between children and adults in terms of intensity and distribution.
he differences should be taken into consideration in managing postoperative pain
fter the Nuss procedure.
he Nuss procedure brought innovation to surgical treatment of pectus exca-
vatum.1-5 This procedure is advantageous in its reduced invasiveness and
technical ease.6-12 Because of its feasibility, some institutes use the Nuss
rocedure as the first-choice treatment option for pectus excavatum.13 Although the
uss procedure is useful, it also has its disadvantages—in particular, postoperative
ain. Because the sunken sternum and costal cartilages are forcibly elevated by
eans of insertion of correction bars, considerable stresses occur on the thorax,
ften causing a great deal of postoperative pain. It is important to understand the
tress occurrence pattern on the thoraces undergoing operation to alleviate the
ostoperative pain. We conducted the present study to elucidate the intensity and
istribution patterns on thoraces after the Nuss procedure.
aterials and Methods
roduction of Thorax Computer-assisted Design Models
Collection of computed tomographic data. We collected computed tomographic (CT)
ata of 18 patients with pectus excavatum. We classified the patients into 2 groups based
n their ages. Patients younger than 11 years were included in the child group. Patients
lder than 20 years were included in the adult group. The average ages of the child group
n  10, 7 male and 3 female patients) and of the adult group (n  8, 6 male and 2 female
iovascular Surgery ● December 2007
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TSatients) were 7.4  2.5 years and 26.8  4.6 years, respec-
ively. For all patients, informed consent was obtained to be
ncluded in the present study.
Computer-assisted design model production. Based on the CT
ata, we produced a computer-assisted design (CAD) model for
ach of the 18 patients, simulating the patient’s thorax. First, we
nput the CT data into a workstation (Dell Inspiron 6000; Dell Co,
ound Rock, Tex). Then, using graphic software (Rhinoceros 4.0;
pplicraft Co, Tokyo, Japan), we extracted the data of the thorax
art from the original CT data. Furthermore, we edited the data of
he thorax by using structural analysis software (ANSYS10.0;
NSYS Co, Chicago, Ill) to produce a CAD model for each
atient’s thorax (Figure 1). To produce the CAD models, we
imulated each of the 12 ribs, the sternum, and each of the 12
ertebrae by using 6, 18, and 36 beam elements, respectively. We
imulated each of the costal cartilages by using different numbers
f beam elements according to morphologic complexity. For the
imulation of each of the first to fifth costal cartilages, 6th to 10th
ostal cartilages, and 11th to 12th costal cartilages, 5, 5 to 10, and
beam elements were used, respectively.
imulation of the Nuss Procedure
e performed simulation of the Nuss procedure on each thorax
AD model. We conducted the simulation on the assumption that
 correction bar was placed at the fourth intercostal space (Figure
, A). For each thorax, we applied anterior-directed forces on the
osterior aspect of the sternum until it reached the same anterior-
osterior height as the points on the fifth rib, at which point the
orrection bar was supported (Figure 2, B). Under these dynamic
onditions, we calculated the von Mises stresses that are expected
o occur on the thorax by using the finite element method (FEM).
e performed the calculation with the structural analysis program
vailable in the software (ANSYS10.0). With the same calculation,
e also modeled the corrected shapes of the thoraces (Figure 2, C).
e obtained Young’s moduli used in the calculation from the CT
ensity of each patient with the methods of Kopperdahl and
olleagues.14 Kopperdahl and colleagues, after studying 45 verte-
ral bodies, demonstrated that a linear relationship exists between
he quantitative CT density and Young’s modulus in the vertebra.
he relationship was presented by an equation, E  34.7 
230QCT, where E and QCT indicate the Young’s modulus (in
egapascals) and CT density (in grams per milliliter). Assuming
hat this equation is applicable for the ribs, sternum, and costal
artilages, we calculated the Young’s moduli of these thorax
omponents using the quantitative CT density of the corresponding
issues for each patient. We show the Young’s moduli obtained
his way in Table 1. We used these Young’s moduli for the
Abbreviations and Acronyms
CAD computer-assisted design
CT  computed tomographic
FEM  finite element methodimulation. (
The Journal of Thoracicvaluation
Intensity of the stresses. We compared the intensities of the
aximum stresses occurring on each rib between the child and
dult groups.
Stress distribution patterns. We compared the patterns in
hich the stresses were distributed on the thorax between the child
nd adult groups.
igure 1. Based on the 3-dimensional computed tomographic
ata, we produced a computer-assisted design model for each
atient. A, Three-dimensional computed tomographic image of a
atient. B, Corresponding computer-assisted design model.
igure 2. Simulation of the Nuss procedure. A, Three points were
arked: at the edges of the bilateral fifth ribs (P and R) and at a
oint on the posterior aspect of the sternum (Q). B, Assuming that
metal correction bar was inserted at the fourth intercostal
pace, we applied an anterior-directed force on Q. We also
pplied countering forces on P and R. We applied these forces
ntil Q reached the segment between P and R. Thus the sternum
as elevated to a height equivalent with P and R. C, Preoperativeupper) and postoperative shapes (lower) of a simulation model.
and Cardiovascular Surgery ● Volume 134, Number 6 1503
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G
TSerification of the Calculations’ Validity
o verify the validity of the simulation, we compared the actual
ostoperative shapes of the thoraces with the simulation-expected
ostoperative thorax shapes of the corresponding CAD models.
e conducted this verification on 4 patients in whom postopera-
ive CT data were available. For each thorax, we marked points at
sites (the center of the sternum, the xiphoid process, and 4 points
n the costal margin at which the costal cartilages intersect with
he margin; Figure 3). We measured preoperative–postoperative
ocational changes at the 6 points by using three-dimensional
edical imaging software (3D-Doctor; Able Software Co, Lexing-
on, Mass). Thus for the 6 marking points of each thorax, we had
data sets of deviation values: the actually measured deviation
alues and the simulation-expected deviation values. We calcu-
ated correlation coefficients between the 2 data sets for each
horax. Thereby we confirmed the validity of the simulation.
tatistical Methods
or the comparison of the stresses between the child and adult
roups, we used a nonparametric examination (Mann–Whitney U
est) because the stresses showed skewed distributions. For the
xamination of the compatibility between actual operative results
nd results of simulation in the verification experiment, we calcu-
ated a correlation coefficient between the 2 data sets. All calcu-
ations were performed with SPSS Version 15 for Windows
SPSS, Inc, Chicago, Ill).
esults
tress Intensity on Ribs
n all 12 of the ribs, significantly greater stresses occurred
n the adult group than in the child group (Figure 4). The
ifference was statistically significant for each of the 12
ibs.
tress Distribution Patterns
n the child group intensified stresses occurred only on the
fth rib, whereas intensified stresses occurred on the third to
he seventh ribs in the adult group (Figures 4 and 5).
ompatibility of the Calculated and Measured Data
or the 5 cases, the correlation coefficients between the
alculated and measured deviation data were 0.995, 0.995,
.999, and 0.996, respectively. The nearness of these cor-
elation coefficients to 1 demonstrates the validity of the
imulation.
ABLE 1. Young’s modulus for each component material
Child group Adult group
Median
(kg/mm2)
Range
(kg/mm2)
Median
(kg/mm2)
Range
(kg/mm2)
ortical bone 1520 1440-1600 1750 1580-1920
ancellous bone 150 140-160 180 160-200s
ostal cartilage 1.2 0.8-1.6 88 62-104
504 The Journal of Thoracic and Cardiovascular Surgery ● Deciscussion
uss Procedure and Postoperative Pain
ectus excavatum is the most common congenital chest wall
eformity.15 The deformity of the thorax in the pectus
xcavatum seriously affects the patients’ psychologic con-
itions. Even worse, depressions of the thorax sometimes
mpair the patients’ cardiopulmonary functions.16 The Nuss
rocedure revolutionized treatment of pectus excavatum.1
he procedure enabled surgical correction of the deformed
horax with inconspicuous wounds, short operating time,
nd easy technique.17,18
On the other hand, with all the advantages of the Nuss
rocedure, it is not without problems. Patients who undergo
he Nuss procedure often experience intolerable chest pain
uring certain periods after the operation. In the Nuss pro-
edure malpositioned costal cartilages, ribs, and sternum are
orced to realign through the insertion of metal correction
ars. Therefore, intensified stresses occur on the thorax,
hich causes the postoperative pain.
ethods
n the present study we used the FEM in elucidating the
tresses occurring on the patients’ thoraces. Because the
ethodologic reliability of FEM is already validated, it is
sed for biomechanical analyses of various organs.19-24
owever, because it is a theoretic method, we believe the
alidity of the FEM should be confirmed for each experi-
ent. Based on this belief, we conducted verification of the
resent experiment by comparing the calculated and mea-
igure 3. We confirmed validity of the simulation by comparing
ctual and calculated shapes of the thorax. A, Actual postoper-
tive shape of a patient’s thorax. We marked 6 points on the
horax (yellow points) to compare the displacements of the cor-
esponding points (red points in B) of the corresponding computer-
ssisted design model. B, The corresponding computer-assisted
esign model.ured deviation at 6 points of 4 thoraces, with results
ember 2007
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G
TSupporting the methodological correctness of the present
xperiment.
indings and Their Clinical Meanings
wo findings were obtained in the present study. The first
nding is that on all 12 ribs, greater stresses occur in adult
atients than in child patients. The second finding is that in
dult patients intensified stresses occur on plural ribs, whereas
ntensified stresses only occur on the bar-supporting rib (the
fth rib) in child patients. How do these findings contribute
o clinical practices?
In our clinical experience we have perceived that adult
atients are more likely to complain of pain than child
atients after the Nuss procedure. The average times the
atients in the present study took to become ambulatory
ere 2.3  1.2 days for the child group and 5.1  1.6 days
or the adult group. The difference in tolerance to pain can
e supported by the first finding. In adult patients greater
tresses occur on the ribs than in those of child patients.
ccordingly, greater pain is induced in adult patients than
ain in child patients.
We have also perceived that adult patients tend to com-
lain of pain in wider regions of the chest than do child
atients. This perception is explained by the second finding.
ecause stresses as great as those occurring on the bar-
upporting rib also occur on several neighboring ribs, the
dult patients feel pain in a wide range of the thorax. We
ypothetically attributed the cause of the second finding to
he difference in the flexibility of the costal cartilages be-
ween children and adults (Figure 6). Because of the place-
ent of the correction bar at the fourth intercostal space, the
ternum is elevated in the anterior direction at this level.
aturally, the sternum is also elevated at other intercostal b
The Journal of Thoracicevels. Because the costal cartilages are attached to the
ternum, they are pulled anteriorly as the sternum is ele-
ated and are reshaped. In child patients the costal cartilages
re rich in flexibility. Therefore, stresses occurring with the
eshaping are absorbed by the costal cartilages. On the other
and, costal cartilages of adult patients are rigid because of
ge-related ossification. Because of this rigidity, the costal
artilages are less likely to bend according to the elevation
f the sternum. Accordingly, the distortion stresses caused
Figure 4. Box plots indicating postoperative
stresses on each rib. Each box indicates the
range in which 50% of the data are covered. The
bars inside the boxes indicate the averages of
the data. The letters on each box indicate the
group and number of the rib (eg, A3 indicates the
third rib for the adult group).
igure 5. Examples of stress distribution patterns for the child
nd adult groups. A, In the child patients intensified stresses,
lthough modest compared with those seen in adult patients,
ccurred only on the bar-supporting rib. B, In the adult patients
ntensified stresses occurred not only on the bar-supporting rib
ut also on other neighboring ribs.
and Cardiovascular Surgery ● Volume 134, Number 6 1505
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G
TSy the sternum’s elevation are transmitted to the ribs. Hence
n adult patients intensified stresses occur on a wide range of
ibs. Because of this wide stress distribution, the adult
atients perceive pain in a wide region of the thorax. In
erforming the Nuss procedure, continuous application of
ocal anesthetic is often conducted through epidural tubes
nserted in the patient’s back. The second finding suggests
hat different anesthetic considerations are necessary for
hild and adult patients. For child patients, it is enough to
nesthetize only the bar-supporting rib, whereas for adult
atients, it is necessary to extend the anesthetizing areas to
nclude several ribs neighboring the bar-supporting rib.
Besides explaining the pain patterns, the findings of the
resent study can also be used in predicting the risks of
ecurrences.
The stresses demonstrated in the results are those occur-
ing on the thoraces immediately after the operation. These
tresses are expected to decrease as time passes because of
he viscoelastic nature of the human body. However, con-
idering the great difference in the stress intensity between
he adult thoraces and child thoraces immediately after the
peration, it is reasonable to speculate that the difference
ill remain even after the stresses decrease in a month-long
r year-long period of time. The stresses occurring on the
horaces indicate the forcibility with which their shapes are
orrected or the tendency for a thorax to recover its original
hape. In other words, high stresses on a thorax indicate the
isks of recurrence. Therefore on the condition that stresses on
he adult thoraces are greater than those on the child thoraces
fter a certain period of time, we can assume that risks of
ecurrence are higher in adult patients than in child patients.
However, the validity of this speculation needs to be
roved. With the authors’ current analysis technique, we
annot quantitatively predict the stresses occurring on the
igure 6. The authors’ hypothetical explanation of the difference
f stress occurrence patterns between child and adult patients.
, In child patients stresses caused by the forced elevation of the
ternum are absorbed by the costal cartilages because of their
exibility. B, In adult patients the costal cartilages are rigid. There-
ore, stresses caused by the elevation of the sternum are transmitted
o the ribs without being absorbed by the costal cartilages.horaces in a month-long or year-long period after the
506 The Journal of Thoracic and Cardiovascular Surgery ● Decperation. As an advanced study, time-related change of
he stress on the thoraces should be investigated.
riginality of the Present Research
ome existing studies have taken a biomechanical approach
n their analyses of pectus excavatum.25 However, as far as
e know, the present study is the first study that quantita-
ively elucidates stress distribution patterns on the thorax
fter the Nuss procedure. The authors believe that the find-
ngs of the present study help thoracic, cardiovascular,
ediatric, and plastic surgeons with their performance of the
uss procedure.
onclusions
e conducted the present study to elucidate differences in
tress occurrence patterns on the thorax between child and
dult patients with pectus excavatum after the Nuss procedure.
n all 12 ribs, greater stresses occur in adult patients than in
hild patients. Although intensified stresses occur only on the
ar-supporting rib in child patients, intensified stresses also
ccur on other ribs in adult patients. These findings are helpful
n managing postoperative pain after the Nuss procedure.
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